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ABSTRACT 

A model t h a t  i n c l u d e s  f i s s i o n  f o r  p r e d i c t i n g  p a r t i c l e  product ion  

s p e c t r a  from medium-energy nucleon and p ion  c o l l i s i o n s  w i t h  n u c l e i  

(Z 2 91) has  been inco rpora t ed  i n t o  the  nucleon-meson t r a n s p o r t  code, 

HETC. This r e p o r t  i s  p r imar i ly  concerned with t he  programming a s p e c t s  

of HETFIS (High-Energy Nucleon-Meson Transpor t  Code With F i s s i o n ) .  A 

d e s c r i p t i o n  of t h e  program d a t a  and i n s t r u c t i o n s  f o r  o p e r a t i n g  t h e  code 

are given.  HETFIS i s  w r i t t e n  i n  FORTRAN I V  f o r  t h e  IBM computers and i s  

r e a d i l y  adap tab le  t o  o t h e r  systems. 
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I. INTRODUCTION 

For several a p p l i c a t i o n s ,  e .g . ,  i n  des igning  f a c i l i t i e s  t o  produce an 

i n t e n s e  source  of low-energy neut rons  by us ing  medium-energy protons’ and 

f o r  s t u d i e s  of t h e  f e a s i b i l i t y  of conve r t ing  f e r t i l e - t o - f i s s i l e  material 

us ing  medium-energy p ro tons ,  i t  i s  necessary  t o  c a r r y  o u t  c a l c u l a t i o n s  of  
2 

t h e  t r a n s p o r t  of medium- and low-energy nucleons and p ions  through f i s s i o n -  

a b l e  material. I n  a previous  p a p e r , 3  a model w a s  developed f o r  p r e d i c t i n g  

d i f f e r e n t i a l  pa r t i c l e -p roduc t ion  d a t a  from t h e  c o l l i s i o n s  of medium-energy 

nucleons and p ions  wi th  f i s s i o n a b l e  n u c l e i  (Z 2 91) .  This model has  been 

inco rpora t ed  i n t o  t h e  high-energy t r a n s p o r t  code, HETC.4 Also,  i n  a pre-  

v ious  paper  ,5 c a l c u l a t e d  r e s u l t s  ob ta ined  wi th  t h i s  updated v e r s i o n  of 

HETC are compared w i t h  exper imenta l  d a t a  from medium-energy ( f1 .47  GeV) 

protons  i n c i d e n t  on t h i c k  uranium t a r g e t s .  

This  r e p o r t  i s  p r i m a r i l y  c.oncerned wi th  t h e  programming a s p e c t s  of 

HETFIS. It is  assumed h e r e  t h a t  t h e  r eade r  i s  f a m i l i a r  w i th  HETC and t h e  

a n a l y s i s  of t h e  h i s t o r y  informat ion  produced by HETC. 

are n o t  should r ead  Refs .  4 and 7 i n  conjunct ion  wi th  t h e  p r e s e n t  r e p o r t .  

Those r e a d e r s  who 

The program, HETC, w a s  modif ied t o  inc lude  f i s s i o n  i n  such a way t h a t  

t h e  exc lus ion  of t h e  f i s s i o n  channel  in HETFIS would produce h i s t o r y  l n f o r -  

mation f o r  a n a l y s i s  t h a t  is  i d e n t i c a l  t o  t h a t  produced by HETC. Modifica- 

t i o n s  t o  HETC are g iven  i n  Sec t ion  11, d a t a  i n p u t  d e s c r i p t i o n  i s  given i n  

Sec t ion  111, and a n a l y s i s  mod i f i ca t ions  are o u t l i n e d  i n  Sec t ion  TV. The 

HETFIS package as w e l l  as t h e  HETC program are a v a i l a b l e  from t h e  Radia t ion  

Sh ie ld ing  Informat ion  Center  (RSIC) a t  t h e  Oak Ridge Nat iona l  Laboratory.  

Only t h e  modif ied and new subrou t ines  used t o  inc lude  f i s s i o n  i n  HETC are 

inc luded  i n  t h e  HETFIS package. 
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11. MODIFICATIONS 

Basic changes 

TO HETC 

t o  HETC t o  i n c l u d e  f i s s i o n  are as f o l l o w s :  

a )  f i s s i o n  d a t a  are i n p u t  via  a b l o c k  d a t a  r o u t i n e  and 

a n  a u x i l i a r y  s t o r a g e  d e v i c e  on l o g i c a l  u n i t  11; 

b)  several s u b r o u t i n e s  have been added and a few s u b r o u t i n e s  

have been modified; 

c )  t h e  h i s t o r y  informat ion  provided f o r  a n a l y s i s  h a s  been 

modified t o  i n c l u d e  d a t a  from t h e  f i s s i o n  process .  

L i s t e d  below are t h e  new o r  modified r o u t i n e s  f o r  u s e  w i t h  HETPIS. 

FLTRN 

FS INFO 

Routine Purpose o r  ChanLes 

BLOCK DATA Contains  some of the d a t a  needed f o r  t h e  

o p e r a t i o n s  of t h e  f i s s i o n  channel .  

DRE S Modified to i n c l u d e  t h e  p o s s i b i l i t y  of f i s s i o n .  

ENERGY Changed t o  o b t a i n  n e a r e s t  i n t e g e r  v a l u e  of A 

and i n t e g e r  v a l u e  of Z when c a l l i n g  w i t h  

nonin teger  v a l u e s  of  A o r  Z .  

Inc ludes  ca l l s  t o  DRES t o  evapora te  p a r t i c l e s  

from f i s s i o n  fragments;  t h e  h i s t o r y  informat ion  

provided f o r  a n a l y s i s  was modified t o  i n c l u d e  

d a t a  f rom t h e  f i s s i o n  process .  

Calls F L W  and c o n v e r t s  random number t o  

s i n g l e  p r e c i s i o n .  

F i s s i o n  s u b r o u t i n e ,  c a l l e d  when a f i s s i o n  

occurs .  The A,  Z, e x c i t a t i o n  energy and 

k i n e t i c  energy of each fragment i s  c a l c u l a t e d .  
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Routine 

GAMR 

INPUTF 

INTERP 

KEAVE 

PAIRR 

QNRG 

ZPROBF 

Purpose o r  Changes 

Ca lcu la t e s  r a t i o  of neut ron  width t o  f i s s i o n  wid th .  

F i s s i o n  d a t a  obta ined  from f i t t i n g  t h e  exper i -  

6 
mental  d a t a  of Epperson is  read  i n .  (See R e f .  3 ,  

Sec t ion  III.B of t h i s  r e p o r t )  

A l l  q u a n t i t i e s  needed f o r  subsequent  c a l l  t o  

QMAXX are obta ined  f o r  n e a r e s t  i n t e g e r  A va lue  of 

e i t h e r  f i s s i o n  fragment ,  by i n t e r p o l a t i o n  i n  

e x c i t a t i o n  energy,  E of f i s s i o n i n g  nuc leus .  

All q u a n t i t i e s  needed f o r  subsequent c a l l  t o  

QMAXX are obta ined  by double  i n t e r p o l a t i o n  i n  

heavy f i s s i o n  fragment A 

energy,  EF, of f i s s i o n i n g  nuc leus .  

Ca lcu la t e s  sum of p a i r i n g  e n e r g i e s  f o r  two 

f i s s i o n  fragments .  

The. unnormalized p r o b a b i l i t y  f o r  o b t a i n i n g  a 

heavy f i s s i o n  fragment wi th  given A 

e x c i t a t i o n  energy,  EF, of f i s s i o n i n g  neptunium 

nucleus  is c a l c u l a t e d .  

Changed t o  o b t a i n  n e a r e s t  i n t e g e r  va lues  of A1 

and A2 and i n t e g e r  v a l u e s  of Z and Z when 

c a l l i n g  wi th  nonin teger  va lues .  

Most probable  nonin teger  values f o r  Z and Z 

of t h e  f i s s i o n  fragments  are c a l c u l a t e d .  

F’ 

va lue  and e x c i t a t i o n  2 

a t  f i x e d  2 

1 2 

2 1 
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111. DATA DESCRIPTION AND CODE OPERATION 

I n s o f a r  as possible . ,  HETFIS w a s  designed s o  t h a t  o p e r a t i o n  of t h e  

code wi thout  f i s s i o n  would b e  i d e n t i c a l  t o  o p e r a t i n g  t h e  HETC program. To 

achieve  t h i s ,  d a t a  f o r  t h e  f i s s i o n i n g  channel  are i n p u t  v ia  BLOCK DATA and 

a n  a u x i l i a r y  s t o r a g e  device  on l o g i c a l  u n i t  11. The u s e r  must a l s o  supply 

a l l  d a t a  r e q u i r e d  f o r  a normal HETC run .  

A. Block Data Parameters 

Many of t h e  parameters  r e q u i r e d  f o r  us ing  t h e  f i s s i o n  channel  

are inc luded  i n  BLOCK DATA. The parameters  IANLG and BZERO t h a t  occur  i n  

BLOCK DATA are u s e r  suppl ied .  All o t h e r  parameters  i n  BLOCK DATA are 

permanent and should n o t  be  changed u n l e s s  t h e  u s e r  i s  very  f a m i l i a r  wi th  

the  s t a t i s t i c a l  model of f i s s i o n  as used i n  t h e  code and wishes t o  make 

fundamental changes i n  t h e  model. The parameter IANIX i s  def ined  by 

IANLG = 1. i f  t h e  f i s s i o n  channel  i s  t o  be  used,  

= o  i f  t h e  f i s s i o n  channel  i s  n o t  t o  be used, 

and BZERO i s  t h e  level d e n s i t y  parameter ( s e e  Eq. (16) i n  Ref. 3 ) .  I n  

g e n e r a l ,  BZERO should b e  used t o  b e  between 8.0 and 15.0. I n  Ref. 3 i t  i s  

i n d i c a t e d  t h a t  BZERO = 10.0 i s  t h e  "best"  v a l u e  when f i s s i o n  i.s included 

and i n c i d e n t  e n e r g i e s  21 GeV are considered.  

BZERO = 8.0 has  u s u a l l y  been used i n  WETC. 

When f i s s i o n  i s  n o t  inc luded  

B. S t a t i s t i c a l  Data on A u x i l i a r y  Device 

To a l a r g e  e x t e n t  t h e  p h y s i c a l  d a t a  t h a t  OCCUK i n  t h e  s t a t i s t i c a l  

model used here have been d e r i v e d  from t h e  experimental  measurements of 

D. H. Epperson.' Data t a b l e s  f o r  i n c i d e n t  pro ton  e n e r g i e s  of 7 ,  1.0, 1 5 ,  

20, 25 and 30 MeV have been prepared and s t o r e d  on l o g i c a l  u n i t  11 t o  be  

i n p u t  i n  s u b r o u t i n e  INPUTF. The method used t o  o b t a i n  t h e s e  d a t a  i s  



5 

desc r ibed  i n  Ref. 3. A b r i e f  d e s c r i p t i o n  of t h e s e  d a t a  fo l lows:  

A I N F O ( 1 )  = 236.0 The atomic mass of neptunium. 

A I N F O ( 2 )  = 93.0 The charge  number of neptunium. 

A I N F O ( 3 )  = 92.0 The charge number f o r  uranium. 

A I N F O ( 4 )  K i n e t i c  e n e r g i e s  of t h e  e x c i t e d  neptunium compound 

n u c l e i  f o r  t h e  s i x  i n c i d e n t  pro ton  e n e r g i e s  cons idered .  

t h r u  

AINFO (9) 

A I N F O ( 1 0 )  = Average e x c i t a t i o n  e n e r g i e s ,  E F 7  from which f i s s i o n  i n  

Neptunium f o r  t h e  s i x  i n c i d e n t  pro ton  e n e r g i e s  cons idered .  

t h r u  

A I N F O ( 1 5 )  

A I N F O ( 1 6 )  = 

A I N F O ( 1 7 )  = 8.0 A s p e c i f i c  va lue  f o r  level d e n s i t y  parameter 

2.0 Meaningful on ly  t o  code t h a t  produced d a t a  t a b l e s .  

AINFO (18) 

A I N F O  (19) 

AINFO (20) 

EPKIN (i , j ) 

SIGKE(i, j) 

DELEXC(i, j 7k) 

BZERO. (See Eq. (16) i n  Ref. 3) 

t h a t  occurs  i n  t h e  level d e n s i t y  
y o  7 

= 1 . 5  A p a r a m e t e r ,  

exp res s ion .  (See Eq. (16)  i n  Ref. 3)  

= 15.0 A s p e c i f i c  v a l u e  f o r  level d e n s i t y  parameter 

BZERO . 
Same as AINFO(18). 

Relative k i n e t i c  energy of f i s s i o n  fragments from Neptunium 

as a f u n c t i o n  of 80 A (mass) va lues  a.nd t h e  6 average ex- 

c i t a t i o n  e n e r g i e s .  

Standard d e v i a t i o n s  of t h e  EPKIN va lues .  

Equals AEc i n  Eq.  ( 3 3 )  of Ref. 3 .  

the t o t a l  deformation energy of Neptunium f i s s i o n  fragments  

a t  cne s c i s s i o n  p o i n t  and is  a f u n c t i o n  of 80A v a l u e s ,  s i x  

average  e x c i t a t i o n  e n e r g i e s ,  and two v a l u e s  of B . 

I t .  i s  used t o  compute 

0 



F i s s i o n  d a t a  f o r  DELFXC are suppl ied  f o r  BZERO = 8.0 and BZERO = 7-5.0. 

When BZERO i n  BLOCK DATA i s  s p e c i f i e d  t u  b e  any v a l u e  between 8 and 15 ,  

i s  used t o  o b t a i n  t h e  requi red  f i s s i o n  d a t a .  
1 l i n e a r  i n t e r p o l a t i o n  i n  ____ 

BZERO 

IV. ANALYSIS CHANGES WHEN FISSION OCCURS 

Since a n a l y s i s  of t h e  h i s t o r y  informat ion  supp1.ied by HE'TC and HETFIS 

is  l a r g e l y  l e f t  up t o  t h e  user, no a t tempt  i s  made h e r e  t o  out]-ine a n  

a n a l y s i s  of an HETFIS run.  More informat ion  on t h e  a n a l y s i s  procedure may 

be found i n  Ref.  7 .  The h i s t o r y  informat ion  s u p p l i e d  f o r  a n a l y s i s  i s  d i f -  

f e r e n t  from t h a t  suppl ied  by ZIETC only  i f  a f i s s i o n  occurred .  

A simple " i f "  tes t  al.l.ows one t o  determine i f  a f i s s i o n  occurred i n  a 

g iven  coll.i.s.ion. I f  a f i s s i o n  has occurred t h e  values of APR and ZPR (on 

t h e  h i s t o r y  tape)  f o r  this c o l l i s i o n  are: 

APR = 100O*APRl+APR2 

ZPR = 1000*ZPR1+ZPR2 

where 

~ p x l  = t h e  m a s s  number A o f  1st fragmpnt.  

APR2 = t h e  mass number A of  212d fragment I 

ZPKJ = t h e  charge number Z1 of  1st fragment.  

ZPK2 = t h e  charge number Z of 2nd fragment.  

1 

2 

2 

So t h e  u s e r  on ly  has t o  t e s t  APR o r  ZPR f o r  a v a l u e  g r e a t e r  than  1000 t o  

see i f  f i s s i o n  h a s  occurred a t  a p a r t i c u l a r  c o l l i s i o n .  

Changes i n  t h e  h i s t o r y  informat ion  s u p p l i e d  ( c a r r i e d  o u t  i n  ERUP) due 

t o  f i s s i o n  are  l i s t e d  below, The g e n e r a l  scheme i s  t h a t  0.0 i s  placed i n  

v a r i o u s  a r r a y s  t o  s e p a r a t e  t h e  v a r i o u s  types  of f i s s i o n  informat ion ,  

a f i s s i o n  occurs ,  

When 

1) a l l  c u r r e n t  NPART(j) v a l u e s  f o r  j = 1 , 6  are incremented by 1, 
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2) a 0.0 i s  s t o r e d  i n  EPART(NPART(j),j) f o r  j = 1,2, 

t o  s e p a r a t e  p r e f i s s i o n  neut rons  and pro tons  from pos t -  

f i s s i o n  neu t rons  and p ro tons ,  

3) a 0.0 i s  s t o r e d  i n  HEPART(NPART(J+Z),j) f o r  j = 1,4, 

t o  s e p a r a t e  p r e f i s s i o n  evapora t ion  l i g h t  i o n s  

(deuterons ,  t r i t o n s ,  3He, and a lpha  p a r t i c l e s )  from pos t -  

f i s s i o n  evapora t ion  l i g h t  i o n s ,  

4 )  DRES is  c a l l e d  t o  g e t  evapora t ion  p roduc t s  f o r  t h e  f i r s t  

f i s s i o n  fragment.  

5) a l l  NPART(j) v a l u e s  f o r  j = 1 , 6  are incremented by 1, 

6 )  a 0.0 i s  s t o r e d  i n  EPART(NPART(j),j) f o r  j = 1,2, 

to s e p a r a t e  p o s t f i s s i o n i n g  evapora t ion  neu t rons  and 

p ro tons  produced by t h e  f i r s t  f i s s i o n  fragment from 

p o s t f i s s i o n  evapora t ion  neu t rons  and p ro tons  produced by 

t h e  second f i s s i o n  fragment,  

7 )  a 0.0 is  s t o r e d  in HEPART(NPART(j+2,j)) f o r  j = 1 , 4 ,  t o  

s e p a r a t e  p o s t f i s s i o n  evapora t ion  light i ons  produced 

by the first  f i s s i o n  fragment from p o s t f i s s i o n  evapora t ion  

l i g h t  i ons  produced by t h e  second f i s s i o n  fragment ,  

DRES i s  c a l l e d  t o  g e t  evapora t ion  p roduc t s  f o r  t h e  second 

f i s s i o n  fragment.  

8) 

9)  F i s s i o n  fragment d a t a  are s t o r e d  in t h e  remainder of t h e  

HEPART a r r a y  f o r  t r i t o n s  ( t r i t o n s  should r e q u i r e  t h e  l e a s t  

space)  as fo l lows:  

I = NPART(4) + 1. 

HEPART( 1 , 2 )  = 0.0,  s e p a r a t o r .  

HEPART( I+1,2) = E R N l ,  t h e  k i n e t i c  r e c o i l  energy of 

t h e  f i r s t  fragment r e s i d u a l  a f t e r  a l l  

evapora t ions .  



8 

HEPART( I+2,2) = E l ,  the excitation energy of the 

first fragment prior to  evaporation. 

HEPART( 1+3,2) = HEVSI, s u m  of the kinetic energies of 

all charged particles, except protons, 

emitted during evaporation from the 

first fragment. 

HEPART( I+4,2) = USEI ,  the excitation energy of the 

first fragment residual after all 

evaporations. 

HEPART( I+5,2) = ERNZ, the kinetic recoil energy of 

the second fragment residual after all 

evaporations. 

HEPART( I+6,2) = E2,  the excitation energy of the 

second fragment prior t o  evaporation. 

BEPART( I+7,2) = HEVSZ, s u m  of the kinetic energies of 

all charged particles, except protons, 

emitted during evaporation from the 

second fragment. 

HEPART( I+8,2) = USE2,  the excitation energy of th.e 

second fragment residual after all 

evaporations. 

HEPART( I+9,2) = HEVSO, sum of the kinetic energies of 

all charged particles, except protons, 

emitted during evaporation from the 

original. nucleus. 
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HEPART(I+10,2) = APR1, m a s s  number A ( a f t e r  a l l  

evapora t ion)  of  t h e  f i r s t  f i s s i o n  

fragment: . 
HEPART(I+11,2) = APR2, mass number A ( a f t e r  a l l  

evapora t ion)  of t h e  second f i s s i o n  

fragment.  

HEPART(I+12,2) = ZPR1,  charge number Z (after all 

evapora t ion)  of t h e  f i r s t  f i s s i o n  

fragment.  

HEPART(I+13,2) = ZPR2, charge  number Z ( a f t e r  a l l  

evapora t ion)  of t h e  second f i s s i o n  

fragment ,  

10) S t o r e s  ba lance  of d a t a  as fo l lows:  

NPART(4) = NPART(4)+14 

APR = 1000*APRl+APR2 

ZPR = 10OQ*ZPRl+ZPR2 

EREC = ERNl-I-ERN:! 

HEVSUM = HEVSO+HEVSl+HEVS2 

UU = USElfUSE2. 

V. SAMPLE PROBLEM 

The sample problem c o n s i s t e d  of a 720-MeV pro ton  beam i n c i d e n t  on a 

dep le t ed  uranium c y l i n d e r  surrounded by a water b a t h .  

geometry was used f o r  10 i n c i d e n t  protons p e r  b a t c h  and 10 hatches. 

C y l i n d r i c a l  

The 



PO 

deple ted  uranium r e g i o n  w a s  5 .1  c m  i n  r a d i u s  and 5 1  cm i n  l e n g t h  centered  

i n  a w a t e r  b a t h  of r a d i u s  95 c m  and l e n g t h  of 181  cm w i t h  a void  r e g i o n  

( 5 . 1  cm r a d i u s )  f o r  t h e  i n c i d e n t  pro ton  beam i n  Eront of t h e  uranium. 

Table I i s  a l i s t i n g  of source  s u b r o u t i n e  SORS and Table I T  is a l i s t i n g  

of i n p u t  d a t a  f o r  the sample problem. This  problem r e q u i r e d  24 .2  seconds 

on t h e  IRM 3 7 0 / 3 0 3 3  a t  ORNI,. 

VI. E D I T  OF HETFIS HISTORY TAPE 

Table  I L L  i s  a p a r t i - a 1  e d i t  of t he  h i s t o r y  t a p e  c r e a t e d  by running t h e  

sample problem. TWO complete h i s t o r i e s  are shown, A d e s c r i p t i o n  of such 

a n  edit :  i s  g iven  i n  R e f .  7 which should be  f a m i l i a r  t o  a l l  METC (or NMTC) 

u s e r s .  Table 111 i s  included t o  demonstrate  the few changes made i n  the 

h i s t o r y  informat ion  t o  i n c l u d e  f i s s i o n  informat ton .  

T h e  f i rs t  p a r t i c l e  event  d e s c r i b e s  a source  p a r t i c l e  and can b e  ignored.  

The second par t ic le  event  d e s c r i b e s  a n u c l e a r  i n t e r a c t i o n  and since APR and 

ZPR are g r e a t e r  than  1000 i t  has f i -ss ion informati-on. In  the avapora t ion  

tabl.es f o r  t h e  6 types of par t ic les ,  zero energy v a l u e s  are used as sepa.- 

r a t o r s  when a f i s s i o n  occurs .  Any nonzero v a l u e s  p r i o r  t o  t h e  f i rs t  zero 

are the  energy va lues  o f  t h e  p r e f i s s i o n  evapora t ion  products .  Any nonzero 

v a l u e s  p r i o r  t o  t h e  second zero are t h e  energy values of the p o s t f i s s i o n  

evapora t ion  products  from t h e  f i r s t  f i s s i o n  fragment.  Any nonzero v a l u e s  

a f t e r  t h e  second zero  ( p r i o r  t o  t h e  t h i r d  zero  f o r  t r i t o n s )  are  t h e  energy 

v a l u e s  of t h e  p o s t f i s s i o n  evapora t ion  products  from the second f i s s i o n  

fragment.  The NPART f o r  each type  counts  zero  v a l u e s  as w e l l  as nonzero 

v a l u e s  of e n e r g i e s .  For t r i t o n s  t h e r e  w i l l  b e  a n  a d d i t i o n a l  13 v a l u e s  f o r  

fragment d a t a .  
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- __- 
END o f  RUN 

1 0 0  CONTINUE 
RETURN 

5 e ~ ~ x ~ x ~ x r X ~ % n X e ~ e X e ~ ~ ~ a X ~ x ~ ~ e x e X a X ~ X e x ~ x r X ~ x ~ X e X ~ X ~ X ~ X e % e x e x a X r X e x e X e x * X r x ~ X ~  _ _ _ _  

1 1 0  CONTXNUE 
: 

RETURN 

END OF B l l T C H  

- -- 

1 0 1  C A L L  ERROH 
PETURN 

C 
1 0 2  CONTINUE 

RETURN 

S T A R T  Of  RUN 
. . . .  ............. 

- . . 

103 COFI 
X ( 1  
Y ( 1  
U ( 1  
V ( 1  

c n r o  g h j  AND 1 FOR ~ E U T R O N S  INCIDENT 
. . - .  

. . . . . .  ........ 

. . . . . . . .  . 

.... 



1 2  

Table 11. Sample Problem I n p u t  Data  

9 2 0 0 0  7 1  0 
0 . 1 0 0 0 0 E * 0 9  
0 . 8 0 0 0 0 E * 0 8  
0 e 7 0 0 0 0 L * 0 8  

- - - O r b O O Q O E * U 8  
0.50000E*OR 
O e 4 0 0 0 0 E * 0 9  
0.30 0 0 O k  0 R 

~ 6.25@0Ot*08 
O.?000F€*UR 
0 ~ 1 ~ 0 1 7 € . * 0 5  
0 1 1 7 1 3 9 f * O 8  
0.16303€*0” 
0 . 1 5 5 0 A E * U 8  
0 . 1 * 7 5 1 E . 0 8  
0 . 1 0 0 0 0 E * 0 8  
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Table 11. (Cont'd) 
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2 1  

With the  above informat ion ,  looking a t  Table 111 f o r  p a r t i c l e  

event  2 of t h e  f i r s t  h i s t o r y ,  one knows the re  w a s  a f i s s i o n  and t h a t  only 

neutrons w e r e  evaporated.  I n  p a r t i c u l a r ,  two p r e f i s s i o n  evaporat ion 

neutrons were produced, fou r  p o s t f i s s i o n  evaporat ion neutrons w e r e  produced 

from t h e  f i r s t  f i s s i o n  fragment,  and s i x  p o s t f i s s i o n  evaporat ion neutrons 

were produced from t h e  second f i ss ion  fragment. 

t r i t o n  t a b l e  ( a f t e r  t h i r d  zero  value)  g ive  the  fragment d a t a  as fol lows:  

The l a s t  1 3  va lues  i n  t h e  

I = 3 ( f o r  t h i s  par t ic le  event  s i n c e  no t r i t o n s  

w e r e  evaporated) .  

HEPART( I+1,2) = ERN1, t he  k i n e t i c  r e c o i l  energy of t h e  f i r s t  

fragment a f t e r  evaporat ion.  (ERN1 = 82.57)  

HEPART( I+2,2) = E l ,  t h e  e x c i t a t i o n  energy of the  f i r s t  fragment 

p r i o r  t o  evapora t ion .  ( E l  = 39.01) 

HEPART( 1+3,2) = HEVS1, sum of the  k i n e t i c  ene rg ie s  of a l l  

charged p a r t i c l e s ,  except  pro tons ,  emi t ted  during 

evapora t ion  from t h e  f i r s t  fragment. (HEVSI = 0.0) 

HEPART( 1+4,2)  = USEL, t he  e x c i t a t i o n  energy of t h e  f i r s t  fragment 

r e s i d u a l  a f t e r  evaporat ion.  (USE1 = 1.473) 

HEPART( I+5,2) = ERN2, t h e  k i n e t i c  r e c o i l  energy of t he  second 

fragment a f t e r  evaporat ion.  (ERN2 = 78.82)  

HEPART( I + 6 , 2 )  = E 2 ,  t he  e x c i t a t i o n  energy of t h e  second fragment 

p r i o r  t o  evaporat ion.  (E2 = 57.30) 

HEPART( I+7,2) = HEVS2, sum of t h e  k i n e t i c  ene rg ie s  of a l l  

charged p a r t i c l e s ,  except  pro tons ,  emi t ted  dur ing  

evaporat ion from t h e  second fragment. (HEVS2 = 0.0)  

HEPART( I+S,2) = USE2,  t he  e x c i t a t i o n  energy of the second frag-  

ment r e s i d u a l  a f t e r  evaporat ion.  (USE2 -. 3.287) 



22 

HEPART( I+9,2) = ISEVSO, sum of t h e  kinet ic .  energ ies  of a l l  

charged p a r t i c l e s ,  except  pro tons ,  emit ted 

during evaporat ion from the  o r i g i n a l  nucleus.  

(HEVSO = 0 . 0 )  

HEPAKT(i+10,2) = APRl, m a s s  number A, of t he  f i r s t  f i s s i o n  fragment. 

( A P K 1  = 11.0.0) 

HEPART(Ifll,2) = APR2, m a s s  number, A, of t h e  second f i s s i o n  

fragment, (APK2 = 115.0) 

HEPAKT(I+l2,2) = ZPR1,  charge number, Z, of t h e  f i r s t  f i s s i o n  

fragment. (ZPR1 = 45-01 

HEPART(I+13,2) = ZPR2, charge number, Z ,  of the second f i s s i o n  

fragment. (ZPR2 = 48.0) 

The header information f o r  t h i s  p a r t i c l e  event  conta ins  some fragment 

d a t a  combined as fol lows:  

APR = 1000*APRlrAPR2 (APR = 0.1101E06) 

ZPR -- 1000*ZPRl+ZPR2 (ZPR = 0.4.505E05) 

EREC = ERNl+EKN2, t h e  sum of the  k i n e t i c  r e c o i l  

energies of both f i s s i o n  fragments a f t e r  

evaporat ion.  (EREC = 0,1614E03) 

HEVSUM = HEVSO+HEVSI.+HEVSZ, s u m  of t he  k i n e t i c  energ ies  

of a l l  charged p a r t i c l e s ,  except protons,  

emitted during evaporat ion.  (HEVSUM = 0 . 0 )  

UU = USElfUSE2, t h e  sum of the  e x c i t a t i o n  energ ies  

of both f i s s i o n  fragments a f t e r  evaporat ion.  

(UU = 0.4759E01) 

The next  p a r t i c l e  event  a l s o  desc r ibes  a nuc lear  i n t e r a c t i o n  i n  which 

f i s s i o n  occurred. 



23 

References 

1. J. M. Carpenter, "Pulse Spallation Neutron Sources for Slow Neutron 

Scattering," Nucl. Instr. Methods 145, 91 (1977). 

Proceedings of An Information Meeting on Accelerator Breeding, 

Brookhaven National Laboratory, June 18-19, 1977, NTIS Conf-770107. 

I_ 

2. 

3 .  F. S .  Alsmiller et al., "A Phenomenological Model of Particle Produc- 

tion From the Col.lisions of Nucleons With Fissile Elements at Medium 

Energies," Oak Ridge National Laboratory, ORNL,/TM-7528 (1980). 

4 .  T. W. Armstrong and K. C. Chandler, "Operating Instructions for the 

High-Energy Nucleon-Meson Transport Code, HETC," Oak Ridge National 

Laboratory, ORNL-4744 (1972). 

5. R. G. Alsmiller, Jr. et al., "Neutron Production by Medium-Energy 

(215 GeV) Protons in Thick Uranium Targets," Oak Ridge National 

Laboratory, ORNLjTM-7527 (1980). 

6. D. H. Epperson, "Systematics of Mass Yield Distributions for Nuclear 

Fission of Neptunium," Dissertation, Dept.  of Physics, Duke University, 

1978. 

7. W. A. Coleman and T. W. Armstrong, "The Nucleon-Meson Transport Code 

NMTC," Oak Ridge National Laboratory, OWL-4606 (1970). 





25 

ORNL / TM- 7 88 2 

INTERNAL DISTRIBUTION 

1-2. 
3-7. 

8-12. 
13-17. 

18. 
1 9 .  
20. 
21 .  
22 .  
2 3 .  
24 .  

25-29, 
30. 

31.  
32 .  
33 .  
34 .  

52. 

53. 

5 4 .  

55. 

56. 

57. 

58.  

59. 

60. 

61. 

6 2 .  

6 3 .  

64 .  

L. S. Abbott 
F. S. Alsmiller 
R. G .  Alsmiller, Jr. 
J. Barish 
J. M. Barnes 
D. E. Bartine 
B. L. Bishop 
A. A. Brooks 
R. L. Childs 
EPIC 
G. F. Flanagan 
T. A. Gabriel 
H. Goldstein 
(Consultant) 
R. A. Lillie 
F. C. Maienschein 
J. V. Pace, 111 
R. W. Peelle 

3 5 .  
36. 
37. 
38. 
39 .  
40.  
41 .  
42 

43 .  

44 * 
45-46. 

47 .  

48-49. 
50. 
51. 

R. W. Roussin 
R. T. Santoro 
C. R. Weisbin 
G. W. Westley 
G. E. Whitesides 
A. Zucker 
P. Greebler (Consultant) 
H. J. C. Kouts 
(Consultant) 
W. B. Loewenstein 
(Consultant) 
R. Wilson (Consultant) 
Central Research Libra ry  
ORNL Y-12 Technical Library - 
Document Reference Section 

Laboratory Records 
ORNL Patent Office 
Laboratory Records - RC 

EXTERNAL DISTRIBUTION 

Office of  Assistant Manager f o r  Energy Research and Development, 
DOE-ORO, Oak Ridge, TN 37830 
Dr. F. Atchison, Science Research Council, Rutherford Laboratory, 
Chilton, Didcot, Oxfordshire, O X 1 1  OQX, England 
Dr. G ,  Bauer, Institut fur Festkorperforschung der Kernforschungsanlage 
Julich, GmbH, Institut 5, Neutronenstreuung 11, W. Germany 
D. T. A. Broome, Science Research Council, Rutherford Laboratory, 
Chilton, Didcot, Oxfordshire, O X 1 1  OQX, England 
J. M. Carpenter, Argonne National Laboratory, 9700 S. Cass Ave., 
Argonne, IL 60439 
S. Cierjacks, Institut fur Kernphysik I, Kernforschungszentrum 
Karlsruhe GmbH, Postfach 3640,  D-7500-Karlsruhe 1, W. Germany 
D. H. Epperson, Science Applications, Inc., P.O. Box 634 ,  
Del Mar, CA 92014 
Dr. D. Filges, Institut fur Reaktorentwicklung der Kernforschungsanlage 
Julich, GmbH, Postfach 1913,  D-5170, Julich 1, W .  Germany 
J. S. Fraser, Chalk River Nuclear Laboratories, Chalk River, 
Ontario, Canada K O J  1 J O  
R. Frickea, Office of Basic Energy Sciences, Dept. of Energy, 
Washington, DC 20545 
P. Garvey, Chalk River Nuclear Laboratories, Chalk River, 
Onario, Canada KOJ 1JO 
H. Hubeney, Argonne National Laboratory, 9700 S. Cass Ave., 
Argonne, I L  60439 
B. D. Pate, TRIUME', Simon Fraser University, Burnaby 2, 
B r  i tis h Columb ia 



26 

EXTERNAL DISTRIBUTION (Cant 'd) 

6 5 .  

6 5 .  

6 7 .  

6 8 .  

69. 

7 0 .  

7 1 .  

7 2 .  

7 3 .  

7 4 .  

75-122.  
123-149 

R. E. Pepping, Fuel Cycle Risk Analysis, Division 4 4 1 3 ,  Sandia 
Laboratories, Albuquerque, NM 87115 
D. Prael, Los Alamos Scientific Laboratory, PO Box 1663, Los  
A l a m o s ,  NM 87545 
Dr. Enloe T. Ritter, Nuclear Physics Division, Office of High 
Energy and Nuclear Physics, U.S. Dept. of Energy, Washington, 
DC 20545 
G .  L. Russell, Los Alamos Scientific Laboratory, P.O. Box 1 6 6 3 ,  
Los  Alarnos, NM 87545 
T. Takahashi, Brookhaven National Laboratory, Associated 
Universities, fnc., Upton, NY 11973 
I. M. Thorson, TKTUMF, Simon Fraser University, Burnaby 2 ,  
British Columbia 
W .  A .  Wallenmeyer, Office of Basic Energy Sciences, U. S.  Dept. 
of Energy, Washington, DC 20545 
S. I,. Whetstone, Office of Rasic Energy Sciences, U.S. Dept. 
of Energy, Waashington, DC 20545 
Dr. .J. Wilzcynski, Institut fur Kernphysik I, Kernforschungszentrum 
Karlsruhe GmbH, Postfach 3 6 4 0 ,  D-7500, Karlsruhe 1 ,  W. Germany 
Dr. B. Zeitnitz, Institut f u r  Kernphysik I, Kernforschungszentrum 
Karlsruhe GnibH, Postfach 3 6 4 0 ,  D-7500, Karlsruhe I, W. Germany 
Given High-Energy Accelerator Shielding distribution 
'Technical Information Center (TIC) 


